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The Micro-Vertex Detector (MVD) represents one of the major upgrades of the ZEUS
detector for run II of the HERA ep collider at DESY. The MVD is a high-resolution
silicon strip vertex detector designed to greatly enhance the tagging capabilities for
event signatures with long-lived particles. This article describes the concepts and
methods of the MVD alignment, and summarizes the experience from their application
in context with real data from the HERA-II run.
6.1 Introduction
The ZEUS experiment is one of the two large multi-
purpose detectors at the HERA storage ring at DESY,
which collides 27.5 GeV electrons or positrons with
920 GeV protons. The ZEUS detector is described in
more detail elsewhere [1]. During the luminosity up-
grade of the collider in the years 2000/2001, the inner
part of the ZEUS tracking system has been extended
by installation of a new silicon Micro-Vertex Detector
(MVD) [2], which was placed within the inner radius of
the existing main drift chamber (CTD). With the advent
of the first large luminosity data samples in 2004, sig-
nificant effort was invested to control and improve the
alignment of the detector, and to understand its impact
on physics analysis.
6.2 Layout of the ZEUS MVD
The ZEUS MVD is primarily structured into a barrel,
forward and rear section. A photograph of the lower half
of the MVD before its installation is shown in Fig. 6.1.
In total, three types of single-sided strip sensors are used
to compose the system. All sensors have a strip pitch of
20 µm with every sixth strip being read out, resulting in
a read-out pitch of 120 µm. In the barrel part, sensors
are arranged in 30 rod-shaped elements named ladders
which are parallel to the beam axis.
Each ladder is composed of 20 sensors forming
two logical layers, such that each ladder provides typi-
cally one measurement of each z and rφ coordinate for
a traversing particle1. In the forward section, the MVD
consists of four wheels perpendicular to the beam axis,
each of which has two sensor layers with 14 sensors cov-
ering a circle. Thus the MVD contains in total 600 bar-
rel and 112 forward sensors. The rear section is taken
up by cooling pipes, manifolds and the distribution of
the various cables connecting the detector. This paper
concentrates on the alignment of the barrel part of the
MVD.
Fig. 6.1: Photograph of the lower half of the MVD, with the forward section on the left side
1The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the proton beam direction, and the X axis
pointing left towards the centre of HERA. The coordinate origin is at the nominal interaction point.
51
Fig. 6.2: Layout of the MVD barrel. The orientation is such
that the X axis points to the right and the Y axis points up-
wards. The logical numbering scheme according to cylinder
and ladder number is also displayed. The shaded wedges indi-
cate azimuthal regions that are not covered by the inner cylin-
der.
A transverse view of the layout of the MVD bar-
rel is shown in Fig. 6.2. The track azimuth angle is de-
fined by tanφ = py/px, so that tracks with φ = 0◦
point to the right, and tracks with φ = 90◦ move
upwards. The ladders are arranged in three cylinders
around the beam pipe, such that within most of the az-
imuthal acceptance, the tracks usually traverse at least
three ladders and thus six sensors. Owing to the lim-
ited space between beam pipe and drift chamber, how-
ever, the inner cylinder is not fully closed, and in three
azimuthal ranges (indicated by shading in Fig. 6.2) the
track will only traverse two ladders. This is the case in
wedges around φ = 0◦ and φ = 180◦, and also in a very
narrow gap near φ = 70◦.
6.3 Alignment of the MVD
The MVD geometry effectively used for the final recon-
struction is obtained in several steps. Beyond the design
parameters, the geometry is refined and monitored by
surveys, laser alignment, alignment with cosmic muons
and alignment with tracks from ep collisions.
6.3.1 Survey information
Prior to installation, the MVD ladders and wheels have
undergone precise surveys. As a result, the relative po-
sitions of the sensors within the ladders and wheels are
expected to be accurate to about 5 µm. The absolute
positions of the ladders and wheels within the global
frame, however, are less well known, and must be de-
termined in-situ after the installation of the detector.
Fig. 6.3: Geometry of the MVD laser alignment system
6.3.2 Laser alignment
The MVD laser alignment is equipped with five infrared
laser beams pointing parallel to the proton beam direc-
tion (see Fig. 6.3). At several stations along each beam,
double-sided silicon sensors measure the laser beam po-
sition to a precision of ≈ 10 µm. The purpose of the
laser alignment system is to monitor global alignment
and possibly distortions of the MVD, and to identify un-
stable conditions.
The sensitivity of the MVD laser alignment sys-
tem is illustrated by a test conducted during a period of
HERA machine studies. Figure 6.4 shows, as a typical
example, the time dependence of the laser coordinate
measurement at three positions along one of the beams
over about 12 hours. The sensors record coincident
movements of up to 100 µm that are clearly correlated
to the current in the focusing magnets near the ZEUS
interaction region (named GO and GG). During data-
taking conditions, however, these magnets are operating
at constant current. Also effects of power-cycling the
MVD itself have been observed. The laser alignment
shows, on the other hand, that during data-taking condi-
tions the MVD/CTD geometry is very stable. Thus the
laser alignment performs well as an important warning
system.
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Fig. 6.4: Reference coordinates measured by the laser coordinate system during about 12 hours of machine studies, during
which the HERA magnets have been cycled several times. For each of the three measurement stations displayed, the two
coordinates measured by the double-sided sensors are shown with different shades. The lowermost plot shows the strength of
the currents in the GO/GG focusing magnets (in arbitrary units).
6.3.3 Alignment with cosmic muons
Cosmic muons leave a very clean hit signature in the
MVD2. They are very well suited for alignment pur-
poses, since they traverse the full height of the barrel,
and thus correlate the geometry of sensors in opposite
hemispheres, obtaining typically 12 hits in total. The
track fit is thus conveniently overconstrained within the
MVD. The results shown here have been obtained with a
sample of≈ 60 000 cosmic muon tracks accumulated in
about one week of dedicated data-taking without beams
in the machine.
As described in more detail in [3], a cosmic
muon-based alignment method has been used to deter-
mine three shift and three rotational parameters for each
ladder in the barrel, resulting in 180 free parameters in
total. For each ladder to be aligned, for each of its hits
the associated track has been refitted under exclusion of
the hits from this particular ladder, and the residual of
the hit with respect to the extrapolated track intersec-
tion has been calculated. This procedure ensures that
hit and track contain fully independent information, and
thus the residual is not biased by any correlation be-
tween track and hit. After all tracks have been evaluated,
for each ladder an overall χ2 function is defined by nor-
malizing each residual by the measurement error, and
summing over all participating tracks. This χ2 function
is linearly expanded with respect to the six alignment
parameters, and a least squares fit is used to extract the
parameters such that the χ2 for this ladder is minimized.
Since this method initially neglects the coupling
of alignment and track parameters and the resulting cou-
pling between the alignment parameters of different lad-
ders, the process is iterated upon a synchronous update
of all ladder geometries. In practice, convergence is
reached after five iterations of local alignment. Since
this internal alignment method does not explicitly con-
strain overall degrees of freedom, as global translations
and rotations of the MVD relative to the CTD, an iter-
ative global alignment procedure, which is described in
[3], has been applied both before and after the internal
alignment step.
2The term hit is shorthand for a local coordinate reconstructed from a cluster of fired strips.
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Fig. 6.5: Residual distribution before (top) and after (bottom) local alignment with cosmic muons (taken from [3])
The distributions of residuals from all ladders
before and after the internal alignment are shown in
Fig. 6.5, separately for the z and the rφ sensors. A vast
improvement of residual centering and spread is evident
in both projections. After the internal alignment, the
width is reduced to 47 µm for the z sensors and 62 µm
for the rφ sensors.
6.3.4 Alignment with tracks from ep collisions
While cosmic muons constitute a very clean and pow-
erful track sample for alignment, they can only be at-
tained in a relatively limited number, and hence do not
permit to solve the ZEUS MVD alignment problem in
full generality, which would require to determine in-
dividual shift and rotation parameters for each sensor,
increasing the number of free parameters from 180 to
3560. Moreover, the measurements of the laser align-
ment system (see Section 6.3.2) indicate alterations in
the geometry between the beamless state in which cos-
mic runs are normally taken, and the luminosity runs
relevant for physics, which is attributed at least partially
to effects from the operation of the HERA magnets. It
is therefore advisable to perform the most fine-grained
alignment step under normal running conditions. Suit-
able tracks from ep collision events are available in tens
of millions, thus forming by far the largest statistical ba-
sis for alignment, and they also illuminate regions of the
tracker that are inaccessible to alignment with cosmic
muons.
In contrast to cosmic muons, however, particles
from ep collisions pass through only one hemisphere of
the detector and thus have typically only half the num-
ber of hits. Even in the barrel regions covered by three
MVD cylinders, the expected three MVD rφ measure-
ments do not overconstrain the transverse track parame-
ters. For this reason, the parameters of the CTD segment
of the track, and the time-dependent transverse beam
spot position (see Section 6.3.5) are used as additional
constraints.
While the alignment with cosmics muons eval-
uates the residual by refitting the track excluding hits
from the same object, this method is disfavored for the
ep track alignment due to the smaller number of hits and
the large CPU overhead involved. Therefore, the residu-
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als remain biased due to the correlation between the hit
coordinate and the track parameters. It is important to
note that this bias does not reduce the amount of infor-
mation reflected in the residual, but it is important to ac-
count for this correlation properly within the alignment
procedure.
It is therefore necessary to perform a global fit of
all alignment parameters and all tracks in the alignment
sample simultaneously. For the MVD barrel alignment,
this involves the determination of five alignment param-
eters (two shifts and three rotation angles) for each of
about 600 active sensors, to be determined with around
one million tracks. This leads to a fit with a very large
number of free parameters: about 3000 alignment pa-
rameters, and several millions of track parameters. A
very powerful specialized engine for this kind of fit
is the Millepede algorithm [4], and we have used this
method for the ep collision based alignment.
About 0.8 million of tracks have been selected
from events with a primary vertex compatible with the
beam spot. Only tracks with p > 2 GeV and pT >
1 GeV have been accepted, and in addition they have
been required to have at least 2 hits in both the z and
rφ projections of the barrel MVD, and should traverse
at least five of the nine superlayers of the CTD. These
criteria select clean central tracks which suffer relatively
little deflection by multiple scattering. The selection has
been performed with a series of analysis jobs, and the
residuals and expansion coefficients for each track and
its measurements are collected in a dedicated data for-
mat. This kind of parallelized analysis takes about 1–2
days on the ZEUS analysis facility. In a second step,
the condensed alignment data have been fed into the
Millepede-based fitting process to determine the align-
ment parameters, which typically takes only about 15
minutes on a contemporary commodity CPU. At this
level, it is still possible to tighten cuts of the track se-
lection or change parameter treatment without costly re-
running of the analysis jobs. A small number of masked
sensors have been excluded from the alignment proce-
dure, and in each of four selected rφ sensors and two z
sensors, one shift parameter each has been intentionally
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Fig. 6.6: Alignment constants describing the offset in measurement direction for the rφ sensors of five ladders in the upper
middle cylinder. The circles represent the constants determined by the ep collision track alignment procedure applied on top of
the geometry level obtained with cosmic muons. The numbers at the bottom are the numbers of tracks used in the alignment of
each sensor. The triangles are the constants determined in a second pass of ep collision track alignment relative to the first pass.
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Fig. 6.7: Distribution of residuals of four ladders near ϕ ≈ 180◦ before (left) and after (right) alignment with tracks from ep
collisions. The fitted curve is a Gaussian with a width of 34 µm (left) and 22 µm (right).
Fig. 6.8: Polar diagram showing the visible impact parameter resolution with respect to the beam spot as radius as a function
of the track azimuth angle ϕ, for tracks with pt >3 GeV having at least 2 hits both in the rφ and the z sensors. This resolution
includes the intrinsic size of the interaction region, and is shown as the radial coordinate in units of µm. The different contours
are explained in detail in the text.
A small subset of the resulting 3000 or so align-
ment constants is shown in Fig. 6.6, which displays the
shift in measurement direction (Cx) for the rφ sensors
of the middle cylinder in the upper half of the MVD.
Since the Millepede fit assumes uncorrelated hit errors,
multiple scattering treatment is not attempted, and thus
the error bars tend to be underestimated. While the re-
sults yield significant alignment corrections on top of
the cosmic muon alignment, the shifts are found to be
highly correlated within each ladder. A linear increase,
for example, of the Cx correction of rφ sensors along
the ladder points to a small rotation of the whole ladder
around its normal axis. This means that the derived cor-
rections mainly apply to the positions and orientations
of the ladders as a whole, while the relative positioning
of the sensors within each ladder as determined by the
survey turn out to be highly reliable. For some ladders,
some non-linear patterns are observed which could in-
dicate subtle deformations of the ladders as a whole, or
possibly slight warp-like deformations of the sensors.
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Fig. 6.9: Display of an event with a D+ candidate
The same alignment procedure reapplied after
implementing the alignment constants and performing
a full reprocessing of the data range. The resulting con-
stants of this second pass are also shown in Fig. 6.6,
and are found to be largely compatible with zero. This
shows that the alignment procedure is self-consistent,
and moreover that the procedure yields a high accuracy
already without the need for additional iterations.
6.3.5 Validation of the MVD alignment
The alignment quality has been tested by inspecting
the residuals on individual areas. Figure 6.7 shows the
residuals from four ladders near ϕ ≈ 180◦ before and
after the ep track alignment. The comparison shows that
the alignment with ep collision tracks improves the fit-
ted width of the residual considerably, in this case from
34 µm (left) and 22 µm (right). It should be noted
that the residuals after alignment with cosmics (left plot
in Fig. 6.7) cannot be directly compared to those from
Fig. 6.5 in the previous section, since the latter have
been coming from unbiased residuals.
During commissioning of a vertex detector, it
is important to validate the achieved alignment quality
with independent analysis-relevant observables. A very
powerful validation quantity is the visible resolution of
impact parameters of high pt tracks measured relative to
the beam spot. The HERA-II beams have typically ellip-
tical cross-sections with Gaussian density profiles. Us-
ing impact parameter correlations of track pairs within
the same events, the effective Gaussian widths of the
beam spot profile at the ZEUS interaction region were
determined as σBSx ≈ 83 µm and σBSy ≈ 20 µm. The
position of the beam spot varies with time, and from the
ZEUS data, the time development of beam spot posi-
tion and tilt is semi-continuously evaluated on the ba-
sis of reconstructions of the primary vertices from 2000
events.
The visible impact parameter resolution is ob-
tained by fitting Gaussian functions to histograms of the
impact parameter that have been assembled in 10◦ in-
tervals of the azimuth angle φ. The tracks are not re-
quired to be associated to the primary vertex. It should
be noted that these distributions still contain some con-
tribution from long-lived particles, hence the visible im-
pact parameter resolution may not literally correspond
to the track-level resolutions, but they provide a certain
measure of it. In addition, the finite beam spot width
also adds a significant azimuth-dependent contribution
to the visible impact parameter resolution.
Figure 6.8 shows a typical result from the 2005
data, where tracks with pt >3 GeV having at least two
hits both in the rφ and the z sensors have been selected.
The outermost contour shows the visible impact param-
eter resolution from the data at the level of alignment
with cosmic muons. This resolution features very large
values for horizontal tracks, which can be attributed to
the fact that the ladders on the sides of the barrel are not
well accessible to alignment with cosmic muon tracks,
since the latter are most abundant near vertical direc-
tions. The dark-shaded contour is the result from the
same data range reprocessed with alignment from ep
collision tracks. The visible resolution is considerably
improved with respect to the cosmics alignment, in par-
ticular for horizontal tracks. For comparison the visi-
ble impact parameter resolution from simulated events
is shown as the medium-shaded contour. The trajec-
tory from real data with ep collision-based alignment
are close to the simulation in the azimuth ranges cov-
ered by three cylinders; some larger deviations exist in
the areas covered only by two cylinders, which corre-
spond rather closely to the shaded regions in Fig. 6.2.
The inner-most hour-glass-like shape represents the un-
binned contribution of the beam spot width as a function
of azimuth angle, which constitutes an irreducible part
of the visible impact parameter resolution.
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Fig. 6.10: Invariant m(K−pi+pi+) mass distribution of D+
candidates selected by secondary vertex reconstruction under
the displacement requirement S`,xy > 5. The insert displays
the corresponding distribution without any cut on S`,xy ap-
plied.
6.4 Impact on physics analysis
The successful alignment of the ZEUS MVD can be best
demonstrated in physics analysis. Figure 6.9 shows a
display [5] of an event with a D+ candidate identified in
the K−pi+pi+ decay mode by a detached secondary ver-
tex in the reprocessed 2005 data sample. The invariant
mass distribution of candidates with a transverse decay
length significance requirement of S`,xy > 5 is shown
in Fig. 6.10. The MVD is the essential component al-
lowing the isolation of a very clean signal through the
decay length cut, while the insert shows the vast back-
ground that would remain without the latter. The reso-
lution of the successfully aligned MVD has been further
highlighted by a measurement of the D+ lifetime. More
details of this analysis can be found in [6].
6.5 Summary
The geometry of the barrel of the ZEUS micro-vertex
detector has been aligned in a sequence of steps, in-
cluding the design geometry, survey measurements, and
in-situ alignment with cosmic muons and tracks from
ep collisions. The laser alignment system plays an im-
portant role as a monitoring and warning system. The
alignment with cosmic muons performs well and derives
essential improvements over the initial survey geome-
try, but is also characterized by inherent limitations both
from statistics and limited coverage of part of the track-
ing acceptance. The final alignment is achieved with
tracks from ep collisons and a global fit determining
simultaneously alignment and track parameters with a
large data sample, using the Millepede fitting engine.
The alignment was successfully validated using impact
parameters and decay length-based physics signatures.
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